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ABSTRACT

Rectification characteristics of non—superoonducting'metal—barrier—_
metal junctioos deduced from eiectroﬁic tunneling haee been observed
experlmentally for optlcal frequency 1rrad1at10n of the Junction. The

7 results prov1de verlflcatlon of 0pt1ca1 ffequency ‘Fermi level modulation

and electronlc tunneling current modulation.
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':‘We wish £0:reﬁgrfeevidenceeef ontical frequeney"fecfifieatien with -
1émaii-ée¢a peteptieliﬁerfiefe locatead betWeeh twe.ﬁe;ﬁal-metaliié eone N
‘-ductors.‘ Experimeﬁtal observafions are in agreement ﬁith semi-classical’
predictions based upon electronic tunneling induced by an eptical f;e—'
ﬁuency meduiatioe‘of ;he Fermi leeels ofrthe'ﬁetalsken eieher si&e oflv
the barrie;... | | h

| Since the thicknessrand cross~seetion area of the barrier are much
smallef then the wavelength, the rectification cen_be_deec:ibed quas;f
statically in‘terms of the eurreﬁt—ﬁpleage (I-V) characteristic. An:.
adequate Semi-classicalstfeatment assumes a free-electron model and a
r‘potential barrier modified-from'a trapezoidal shape bj the‘infleeﬁce\of. _

surface charges, in part due to the images of the tunnellng electrons

“in the two metals (Fig. 1) ~The I-V characteristlc 15 then glven byll‘

1/2

A _= 305 gexp (A ¢“2> - (g + eWexpl-a; (F; + e 21} V> 0

e rm NV _1/2,

I.() =30, - eVexp[-A_(§_ - eV) =g exp(-Ad, ‘)}. AR
If is the forward curreﬁf and I the'reverse current where V is positive
when the hlgher work function metal (metal 2} is negative with respect
. to the other metal (metal l). The current is of the same sign as the '

voltage. The definitions of the parameters and the potentlal barrier :
"profiles are given in Fig. 1: A, = [4nas/h](2m*) [ = £, r and
As = 52

by ¢f(x) = 0 and ¢r(y) = ( respectively. m* is the effective electronic‘l

_ - _ - 5, : _ rSy
mass in the metals. ¢f = f ¢f(x) dx/Ax and - ¢r = j‘; :
5 A 5

-8 8y wherels2 and s; are the c1a351cal turning points given
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'¢r(y) dy/As.,“These_average'barrier potentiéISKEé'and Er can be written
5 1 and Bi-vary slowly with voltage and
Bi = (sl +.52)/23. Ji = ce/[Zﬂh(As)zl, where e is the_magnitude of the~fA

as'a, - eV, i=£, « where o

electronic of the electronic charge, h Planck's constant and ¢ the -

contact area.

The significant features ofrthe e%perimentallresults to-bgAdisj
cuésedrare well explained by assuming that the most-imporfant'conse—
queﬁce of the radiation fiéld is thelpotentialrdrop across the barrief_
between the two metals.2 Thus |

v(t) =-ffb+v(t)aos we o -

where Vb is fhe Bias voltage and v{t) is the envgiqp of the induced
~voltage at frequency w/2w of the irradiating fiéld, Substituting
Eq. (2) into Eq. (1), and then averaging the tunneling current ovét
a period of the optical oscillation gives the rectified current:

-

I (t).? S I(Vb + v(t)cose)dBIZW | S ‘ :(3) .

rect

=N

wheré 8 = wt and.v(t)ris aSsume& to be slowly vafying ovef one optical
cycle., It is understooq that I ? If when its érgument is.poéitive-and
I= I? otherwise. |

‘Numerical calculations have béen berforméd.assuming thé‘épficéi
voltage envelop v(t).to.be a square wave with a:ﬁériod ZWIQ;‘_For the
'_réctified compbnent at Qf2w, plotted as a function of the bias Goltaée

"in Fig. 2, the optical voltage amplitude is suffihiently emall for the
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signal VQ to be directly prupcrt onal tc the second deriva*ive d I/dV
‘evaluated at the bias point of the I-V characteristic taken at frequency
mfzn. For any thickness‘of the barrier d IIdV < 0 at Vb =_0 so that
Vé for zero‘hias is predicted tolbe négative. S
The striking evolution of the V Vi profiles with increasing barrier
thickness displays curvature in the I-V characteristic which is a direct
consequence of the oEtical Fermi modulation and the basgic tunnelingf
mccel as represented by Eq.l(l);- .
| For thin barriers (s <.ij; t.heAV.Q Vi profile~is; to a good approx—-
imation, a straight line with negative slope (curve I). Thus the i—V‘
characteristic has a negative curvature for pDS1t1ve bias and positive.
. curvature for negative bias. Since for this range the linear conductance
- ig 1arge and dcminates, this curvature change is not apparent in the I—V-
characteristic which is linear to w1thin a percent or less. As the
_ barrier thickness is increased to an intermediate range (78 S g s ?.SR)
aithough the linear conductance still dominates the I-V characteristic,
the VQ —Vb.profile and hence the curvature in the I-V characteristic
evolves to-an " "-shape (curve III). This behavior indicates a ccmpli—‘
cated I-v characteristic in which the curvature changes four times as
VB is varied from a large negative value to a large positive value.
As s is increased‘further (7.BR $s < 122), an exponentiallincrease
in VQ with increasing Vbroccurs in the " "-shaped profile near VB =0
‘(curve.If). It is noted in- addition that the two biases Vb and Vb at
7 which V changes sign increase in absolute value as s is increased.;
- Finally for s large (s 2 123), the most familiar and expected be—

havior is predicted that of an exponentially increasing VQ displaying |

the essential features of Eq. (1) for a relatively large value cf A
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(curve.V) " This etperimentally cwtresPonds to the transit on or field’
: emission region.4. The' linear c0nductance no longer dominates and the
exponential dependence is readily apparent ‘in the I-v characteristic.
The-evolution in the‘Vﬂ —_bAprofile with,barrier thickness can be j
reasonahly described_with an analytical expression.for Irect(F) 6b+ ”
tained by expanding the square-rootsiin the exponentials of Eq. 1.

Keeping only the terms linear in v(t) and defining a parameter

' -1/2

\':' _1/2
3 Irect(t) f Jie#p(_Aib‘plb i

YB3 [L,(29) = 11 = BT (2v)

(%)

_Jiexp(;A;bEibllz){$ib[Id(ziv) - 1] - sibvxl(z;v)'}' |

The subscript b indicates evaluation of the‘parameters at the bias

Vh’ = f when Vb 2 0 and 1 = r when Vb 20, The primed'parameters

- - are identical but with B 'replaced by 1 - B. . I0 and Il are the

modlfied Bessel functions of zeroth and first order, respectively.-
Further expansion of Eq‘ (4) in terms of v and Vb gives the expansions :
discussed earlier5 for thin barriers. |
Detection experlments using an arrangement 31milar to that de-'.'
scribed in Ref 5 have verified the detailed V ~Vb evolution deduced
above.- In the experiments, a 6-nW, 6328-8 He~Ne laser beam was
chopped at 886Hz and focused onto metal-metal point contact junction
'(tungsten whisker on a gold post). The phase—sensitively detected
‘voltage signal at 886Hz, plotted as a function of bias, 1s shown in

-Fig. 3. Various junction resistances are achieved by varying the contact
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pressure (a large junction resistance corresponds to.a large barrier
thickness).

The measured signal is negative at V., = 0 for all junction resistances

b
agreeing with-the theoretical-prediction; One also observes linear Vg Vb -
‘profile w1th negatlve slope for a small Junction resistance (< 29) For
large junction resistance’ (> SMR) the profiles are exponential with a
positive slope.-6 The intermediate regime in which a -transition from one
.to‘the other oeours is also evident and displays the-deteiled evolution
predicted theoretically;s The.e2ponential 1ncrease'lnfvn'with Vﬁ for‘p

small V is apparent in many of the profiles which display a turnlng-over

of the signal- with a large bias voltage.

These,experimental results verify the predictions of opticelly
‘modulated electronic tunneling theory for the metal—berrier-metal junction
behavior. The characterlstlc experlmental evolutlon of the V. —Vb profiles-
for changing resistance is a direct consequence of opticallrectification‘
and, in perticular, of the variation of the tunneling perameter ¥y = Aollz.
Hence the evolution of the Vg Vb is predicted over some range of s for |
ggz'set of values of the varloustjunetion parameters_sooh asp¢1, ¢é’jgig-

N , :
m ,

The juoction, oovtheﬁbasis of the present results,.mixing experiments7,
,téﬁ&{reéraoietioopexperimentss demonstrates a microscopie time respoose
. whleﬁ is at least as- short as the inverse of the visible frequencies.

The upper limit of this time response is expected to be the time taken for

the electrons to tunnel through the barrier between the two metals which

_has been shOWn to be as short as 10 -16 9
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- Fig. 1.

Fig. 2a.

structure.

FIGURE CAPTIONS

Simplisled energy band diagram for a metalﬂbarrier-metal

EF is the Fermi energy of metal 1 and EF2 is the -
1

Fermi ene*gy of metal 2. ¢i and: ¢2 are the work functions’ of

~ the two metals. S is the barrier thickness. The effective

for a forward based junction

potential taken with respect to EF2

(metal 2 negative with respect to mefal 1) is .¢£(x) =. 2 -

(A¢-+ ev)x/s - lszfx(s—x) Where A¢ = ¢2 - ¢1 A, which specifies
the amount of 1nduced surface charge is eqﬁal to 1.15 e2 ln 2/8ﬂas
for plane parallel geometry and charge induced by the tunneling
e}ectrons.(imege charge). e is the dielectrlc constant of the. |
barrier. = For a reverse bias the effeetive potential_with |

respect to E

g, 15 0,(9) = 41+ (8 + ev) y/a - As”/y(s=y) where

y‘ = g~A.

Thecretical calculations of the I —V characterlstlcs using

b

- Eq. (3) for the short circuit current and the'circuit diagram

shown for the equivalent circuit of the detection electronics.

G, = 4 " from Eq. (1) G, is the shunt conductance
TT |V, b ) _
associeted with the bias circéuit and G, is the combined load

L
resistance of the lockin amplifier, and X-Y recorder equal to

2x10 69 1 The &evice area § = 10-1ocm2, the optical voltage
v = .15V, ¢, = 4.389V,'¢é 4.46, Ap = 0.08. Curves I-IIL

have respectively barrier thickness, 5 of 6.9, 7:1 and 8.4&
~6,-1 L

G, >> @ + G, = 1.2x107°% . For curve IV 5 = 8.75A and’
4=l ) '
G, ~ G =510 Q. For curve Vs -?}5A.and Gp << 6 + G,
-65-1 ca o S -

=1, 2*10 Y]



Fig. 2b. Experimentally measured VRLVB characteristics as obtained from.

tungsten whisker on platinum point coﬁtact diodes of varying
tunneling conduc;énces. The detection electronics of Fig. 2a

is applicable. The zero bias junction conductanceé'GT“for-_

. curves I-1IV are .59_1, 10“29_¥, 2210-39_1 and 5X10_39-1

respectively, For curve V G = 10-79_1 making GB'+ L

Tly =
V=0

dominant,
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